Evaluation of a newly isolated Klebsiella sp. DL-1 and its interaction with Klebsiella sp. FD-3 in regenerating nitrogen oxide scrubbing liquor using ethylenediaminetetraacetic acid iron(II) as absorbent  by Liu, Yi-xuan et al.
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a  b  s  t  r  a  c  t
A  highly  effective  strain,  referred  to as  DL-1  and identiﬁed  as  Klebsiella  sp.,  was  applied  to Fe(II)EDTA-NO
reduction.  The  average  reduction  rate  was  approximately  4.29  mmol  g DCW−1 h−1, which  was  higher  than
those  reported  in the  literature.  The  relationship  between  cell growth  and Fe(II)EDTA-NO  reduction  was
characterized,  and  a model  was  developed  based  on  a  logistic  equation.  To  ensure  that  the  simultaneous
reduction  of  Fe(II)EDTA-NO  and  Fe(III)EDTA  was feasible  in  the integrated  NOx  removal  process  of chem-
ical absorption  and  biological  reduction,  DL-1  was mixed  with  a Fe(III)EDTA-reducing  bacterium  FD-3
to regenerate  the scrubbing  liquor.  There  was  carbon  and  nitrogen  source  competition  between  theselebsiella sp.
ixed strains
imultaneous reduction
two  strains  in the  mixed  system.  DL-1  was  incapable  of  reducing  Fe(III)EDTA,  but FD-3 was  capable  of
reducing  Fe(II)EDTA-NO.  Therefore,  DL-1  would  inhibit  Fe(III)EDTA  reduction,  and  FD-3  would  enhance
Fe(II)EDTA-NO  reduction.  The  performance  of  the  mixed  strains  was  also  investigated.  The  system  could
maintain  stable  and  high  reduction  efﬁciencies,  after  7  h,  the reduction  efﬁciency  of Fe(II)EDTA-NO  and
Fe(III)EDTA  were  84.9%  and  77.1%,  respectively.
© 2015  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-ND. Introduction
The control of nitrogen oxide (NOx) emissions has become a
orld-wide concern in recent years (Du et al., 2011). Traditional
reatments for NOx removal have been successfully developed (Jin
t al., 2005). However, they exhibit some disadvantages, which led
o a search for alternative methods for controlling NOx emissions
Pham and Chang, 1994).
In the last decade, an integrated technique for NOx removal
ased on chemical absorption and biological regeneration
BioDeNOx process) was considered to be an eco-friendly and
ost-effective technology (Jing et al., 2004; van der Maas et al.,
005). The absorbing solution in the system contains Fe(II)EDTA,
e(II)EDTA-NO and Fe(III)EDTA (Gao et al., 2011; Lin et al., 2014;
hang et al., 2012; Zhou et al., 2013a). Because this process depends
n the chelating reagent of Fe(II)EDTA to absorb NO, the reduction
fﬁciencies, i.e., Fe(II)EDTA-NO reduction by the denitrifying bac-
eria and Fe(III)EDTA reduction by the iron-reducing bacteria, are
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/).license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
signiﬁcant factors for NOx removal (Gambardella et al., 2006; Lu
et al., 2011; Xia et al., 2013).
Up to now, several species of Fe(II)EDTA-NO and Fe(III)EDTA-
reducing bacteria have been isolated from activated sludge or
bioreactors. These strains were characterized as Paracoccus sp.
(Kumaraswamy et al., 2006), Pseudomonassp. (Zhang et al., 2007),
Enterococcus sp. (Cai et al., 2010) and Klebsiella sp. (Wang et al.,
2013). The reduction of Fe(II)EDTA-NO and Fe(III)EDTA by these
strains was targeted. However, their reductions either take a long
time or exhibit unsatisfactory efﬁciencies. Some researchers there-
fore proposed to ﬁnd new strains that could reduce Fe(II)EDTA-NO
and Fe(III)EDTA simultaneously (Chen et al.,2015; Dong et al., 2012,
2014; Li et al., 2011, 2013; Zhang et al., 2007). However, these
bacteria could not maintain high reduction efﬁciencies for both
complexes simultaneously.
To reduce Fe(II)EDTA-NO and Fe(III)EDTA in high efﬁciencies at
the same time in the BioDeNOx process, mixed strains of denitri-
ﬁcans and iron-reducing bacteria were introduced. Mixed strains
of Pseudomonas sp. DN-1 and Klebsiella sp. FR-1 were applied to
simultaneously reduce Fe(II)EDTA-NO and Fe(III)EDTA with high
efﬁciencies (Jing et al., 2004). The mixed strains did not have
an obvious effect on each other, but it took a long time (36 h
and 48 h) to achieve the high efﬁciency. Researchers enriched the
biomass from municipal sewage sludge and found that NOx and
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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e(III)EDTA/NTA could be simultaneously utilized as terminal elec-
ron acceptors, thereby effectively reducing NO. The reduction of
e(III)EDTA/Fe(III)NTA was slow, which inﬂuenced the absorption
nd reduction of NOx in continuous operation (Chandrashekhar
t al., 2013). Other investigations were carried out by adding the
enitriﬁcans and iron-reducing bacteria in one column to simu-
ate the practical work (Xu and Chang, 2007). The maximum NO
emoval efﬁciency was approximately 80%, with a certain con-
entration of the absorbent (Fe(II) Cit) regenerated by the mixed
trains, and the interaction of the mixed strains in the column
ould inﬂuence the NO removal efﬁciency.
In summary, the reduction efﬁciencies of Fe(II)EDTA-NO and
e(III)EDTA may  be high, but a long time is needed for the
e(II)EDTA-NO reduction by these strains. The denitriﬁcans and
ron-reducing bacteria are two different strains, but they use the
ame carbon source and nitrogen source, and they even react with
he same electron donor in the system. However, the literature has
ew reports on the interaction between those two  strains. In this
tudy, a new denitrifying bacterium named DL-1 was isolated for
e(II)EDTA-NO reduction. A model for cell growth as a function of
e(II)EDTA-NO concentration based on a logistic equation was  eval-
ated. Additionally, this denitrifying bacterium was mixed with an
ron-reducing bacterium that was isolated in our previous work for
e(III)EDTA reduction and named Klebsiella sp. FD-3 (Zhou et al.,
013b). The interaction between DL-1 and FD-3 was investigated,
nd the reduction of Fe(III)EDTA and Fe(II)EDTA-NO by the mixed
trains was measured.
. Materials and methods
.1. Medium and complex solution
Basal medium formula (mg  L−1): glucose 1500, K2HPO4 3H2O
000, KH2PO4 625, Na2SO3 70, MgSO4 100, CaCl2 2.0, MnSO4 0.5,
a2MoO4 0.1, CuSO4 5H2O 0.1.
Preparation of Fe(II)EDTA-NO solution: First, 40 mmol  L−1
e(II)EDTA was prepared by introducing Na2EDTA and FeSO4 7H2O
o degassed distilled water, and the pH value of the solution was
djusted by NaOH. Then, a mixture of NO and N2 was  absorbed
y Fe(II)EDTA until the inlet and outlet concentrations of NO were
imilar. The concentration of Fe(II)EDTA-NO was expected to be
0 mmol  L−1. Fe(III)EDTA solution (40 mmol  L−1) was  prepared by
e2(SO4)3 and ethylenediaminetetraacetic acid (EDTA), and the pH
as adjusted by NaOH according to the article of Jing et al. (2012).
.2. Bacterial strain preparation and identiﬁcation
The microorganisms employed in this study were acclimated
rom the activated sludge of a municipal wastewater treatment
lant and enrichment-cultivated using NaNO3 as a terminal nitro-
en source in a rotary shaker (140 rpm, 40 ◦C) for 7 days. Then, the
arvested bacteria were cultivated with Fe(II)EDTA-NO as a termi-
al nitrogen source, and the concentration of Fe(II)EDTA-NO was
ncreased step by step from 2 to 12 mmol  L−1. The isolation of the
ure culture was carried out anaerobically on agar plates at 40 ◦C
ith 100 L of enriched mixed culture preliminarily diluted 108
imes in selective medium. After cultivating for 7–10 days, three
ingle bacterial species were selected and named DL-1, DX-1 and
L-1. The selection of strain DL-1 was based on its possessing the
ighest efﬁciency for Fe(II)EDTA-NO reduction among the three iso-
ated strains. The colonies were picked and puriﬁed twice to obtain
ure cultures. Taxonomical identiﬁcation was performed by 16S
ibosomal DNA ampliﬁcation and sequencing at Xiamen GenScript
orporation (Xiamen, China). 16S rRNA gene sequence similarityonitoring & Management 4 (2015) 67–73
searches were conducted with the BLAST program in the GenBank
(NCBI).
After puriﬁcation, DL-1 was  cultivated in 250-mL conical ﬂasks
with 100 mL basal medium under anaerobic conditions by replac-
ing the air above the solution surface with nitrogen gas. The ﬂasks
were situated in a rotary shaker (40 ◦C, 140 rpm). The cells in the
medium were harvested by centrifugation (8000 rpm, 10 min) and
washed twice with distilled water, and then they were suspended
in phosphate buffer at a certain concentration for use.
The Fe(III)EDTA reduction bacterium Klebsiella sp. FD-3 was iso-
lated from the cultivated mixed culture and characterized in our
previous study. The detailed isolation and cultivation are described
in Jing et al. (2012) and Zhou et al. (2013b) .
2.3. Performance of the strain
The reduction of Fe(II)EDTA-NO by strain DL-1 was performed
in several serum bottles (100 mL)  ﬁlled with sterilized medium
(80 mL). The concentration of strain DL-1 was 0.10 g L−1, and the
initial concentrations of Fe(II)EDTA-NO were 4, 6–10 mmol L−1. The
bottles were sealed with Teﬂon-coated rubber septa in a gyrating
shaker (40 ◦C, 140 rpm). The headspace of the solution was ﬂushed
with oxygen-free nitrogen gas to assure anaerobic conditions. The
concentrations of Fe(II)EDTA-NO and cells were measured regu-
larly.
The reduction of Fe(III)EDTA by strain FD-3 was  performed in
serum bottles ﬁlled with sterilized medium (80 mL). The concen-
tration of FD-3 was  0.20 g L−1. The concentration of Fe(II)EDTA was
measured regularly. The detailed procedure is described in Jing
et al., 2012.
2.4. Interaction of DL-1 and FD-3
The inﬂuence of strain FD-3 on DL-1 reducing Fe(II)EDTA-NO
was investigated in the serum bottles based on the Fe(II)EDTA-NO
reduction experiment. Different concentrations of FD-3 (0.04–0.18
g L−1) were added to the serum bottles containing 0.10 g L−1 DL-1.
The inﬂuence of strain DL-1 on FD-3 reducing Fe(III)EDTA was car-
ried out based on the Fe(III)EDTA reduction experiment. The initial
concentration of FD-3 was  0.20 g L−1, and the initial concentrations
of DL-1 were 0.05–0.25 g L−1. Control experiments without DL-1 or
FD-3 were also conducted. The precision of the strain concentration
measurements was  approximately 0.003 g L−1.
2.5. Interaction of Fe(III)EDTA and Fe(II)EDTA-NO reduction
The inﬂuence of Fe(III)EDTA on Fe(II)EDTA-NO reduction by
strain DL-1 was  investigated in the serum bottles based on the
Fe(II)EDTA-NO reduction experiment in Section 2.3, which contain-
ing 4.0 mmol  L−1 Fe(II)EDTA-NO. Different initial concentrations
of Fe(III)EDTA from 0 to 10 mmol L−1 were added into the serum
bottles, respectively.
The inﬂuence of Fe(II)EDTA-NO on Fe(III)EDTA reduction by
strain FD-3 was carried out based on the Fe(III)EDTA reduction
experiment, which containing 8.0 mmol  L−1 Fe(III)EDTA. Different
initial concentrations of Fe(II)EDTA-NO from 0 to 4 mmol L−1 were
added into the serum bottles, respectively.
2.6. Reduction of Fe(II)EDTA-NO and Fe(III)EDTA by mixed strains
The reduction of Fe(II)EDTA-NO and Fe(III)EDTA by mixed
strains was  studied by mixing 0.10 g L−1 DL-1 and 0.20 g L−1 FD-
3 in the serum bottles. Samples were taken regularly to measure
the concentrations of Fe(II)EDTA-NO and Fe(III)EDTA and deter-
mine the Fe(II)EDTA-NO and Fe(III)EDTA reduction performances
of DL-1 and FD-3.
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Enterob acteriaceae bacterium NR58       DQ520 801
Klebsiell a  pn eumoniae      AB5137 34
DL-1       KP717444
Klebsiell a sp.FD-3       GU16725 8
Klebsiell a  pneumoniae strain T2-1-2      HQ90 795 6
Klebsiella  sp.FD-4       GU167259
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s from strain DL-1 and other related sequences retrieved from Genbank.
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Fig. 2. Cell growth and performance of DL-1 in Fe(II)EDTA-NO reduction (t = 40 ◦C,
−1 −1Fig. 1. Phylogenetic tree established with 16S rDNA gene sequence
.7. Analytical methods
The concentration of Fe(II)EDTA–NO was  determined from
 standard curve with a linear correlation with absorbance, as
irectly measured by a UV-4802H ultraviolet and visible spec-
rophotometer at 438 nm,  and the Fe(II)EDTA–NO concentration
as determined according to Zhou et al. (2013b). The concentra-
ions of ferrous ions and total iron in solution were determined by a
odiﬁed 1,10-phenanthroline colorimetric method at 510 nm (van
er Maas et al., 2009) according to a national standard method. The
e(III) concentration was calculated from the difference between
otal Fe and Fe(II). The cell concentration was determined from the
inear relationship between the optical density at 610 nm and the
ry cell weight (DCW), according to Jing et al. (2012).
. Results and discussion
.1. Characterization of strain DL-1
The 16S rDNA gene sequence of strain DL-1 was ampliﬁed and
equenced to NCBI, and it was compared with the GenBank acces-
ion by using the Blast program. Through a homology analysis and
omparison, strain DL-1 showed high similarity scores (more than
9%) with the genus Klebsiella Trevisan, as shown in Fig. 1. The
equence of stain DL-1 was submitted to GenBank and issued the
umber KP717444. Strain DL-1 was identiﬁed as a Klebsiella sp. and
as shown to grow at 35–55 ◦C, with an optimal temperature of
0–45 ◦C.
.2. Performance of DL-1 in Fe(II)EDTA-NO reduction
The results of the DL-1 cell growth and Fe(II)EDTA-NO reduc-
ion are shown in Fig. 2. Fe(II)EDTA-NO reduction by DL-1 was
ast and efﬁcient. There was no distinct lag phase during the cell
ultivation. The logarithmic phase comprised the ﬁrst 6 h. At this
tage, the Fe(II)EDTA-NO concentration decreased sharply from 6140  rpm, initial pH 6.98, [Fe(II)EDTA-NO]0 = 6 mmol L , [Cell]0 = 0.10 g L ).
to 2.55 mmol  L−1, while the cell concentration increased rapidly
from 0.10 to 0.24 g L−1. The results indicate that the reduction
of Fe(II)EDTA-NO was  related to the concentration of DL-1. Then,
the concentration of the strain decreased, but the system still
maintained a high reduction rate of Fe(II)EDTA-NO in the next
stage (6–12 h). After 12 h, the Fe(II)EDTA-NO reduction efﬁciency
reached 85.8%, and the average reduction rate was  approximately
4.29 mmol  g DCW−1 h−1.
The strains used in different studies tended to have differ-
ent strengths. Some of them exhibited high reduction efﬁciencies,
while others enhanced the reduction rate. The performances of
different strains on Fe(II)EDTA-NO removal are shown in Table 1.
Compared with other reported strains, the performance of strain
DL-1 isolated in this work was greatly enhanced, not only in the
reduction rate but also in the reduction efﬁciency.
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Table  1
Comparison of different strains on Fe(II)EDTA-NO removal.
Strains Reduction rate (mmol  g DCW-1 h−1) Reduction efﬁciency (%) Reduction time (h) Reference
Pseudomonas sp. DN-2 4.17 –- 25 Zhang et al. (2007)
 35 Li et al. (2013)
 6 Dong et al. (2014)
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Table 2
Kinetic model parameter of DL-1.
Initial concentration (mmol L−1) max (h−1)Xmax (g L−1)X0 (g L−1)˛  ˇ
4  0.590 0.239 0.098 21.6750.132
6  0.637 0.239 0.099 25.5720.408
7 0.384 0.212 0.106 28.5720.697
8  0.653 0.203 0.103 9.2013.021
9  0.584 0.180 0.102 11.8141.488
10 0.640 0.177 0.099 2.0511.397
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 4 mm ol·L-1Pseudomonas sp. DN-1 1.08 91.4
Paracoccus sp. ZGL-1 4.00 75.0
Klebsiella sp. DL-1 4.29 85.5
.3. Model for cell growth and Fe(II)EDTA-NO reduction
The logistic equation (Blanch and Clark, 1997) was  used to inves-
igate the relationship between Fe(II)EDTA-NO reduction and cell
rowt h as follows:
1
X
× dX
dt
= max
(
1 − X
Xmax
)
(1)
here X is the cell concentration (g DCW L−1), dX/dt is the rate of cell
rowth, max is the maximum growth rate of the microorganisms
h−1), Xmax is the maximum cell concentration (g DCW L−1), and t
s the cultivation time (h).
It is assumed that the production of Fe(II)EDTA obeys the
uedeking–Piret equation (Luedeking and Piret, 1959), which is the
niversal equation to describe the product formation rate:
dP
dt
= dX
dt
+ X (2)
here dP/dt is the Fe(II)EDTA formation rate,  is the product for-
ation coefﬁcient, and  ˇ is a non-growth correlation coefﬁcient.
aden, 1959 classiﬁed the mode of product formation in terms
f the relationship with the microorganism growth as follows: for
 /= 0,  ˇ = 0, product formation is associated with microorganism
rowth; for  ˛ = 0,  ˇ /= 0, product formation is unrelated to microor-
anism growth; for  ˛ /= 0,  ˇ /= 0, product formation is partially
ssociated with microorganism growth.
Because Fe(II)EDTA-NO serves as the only electron acceptor,
he consumption of Fe(II)EDTA-NO is equal to the production of
e(II)EDTA, so −dS/dt = dP/dt. Then, Eq. (2) can be expressed as fol-
ows:
dS
dt
= dX
dt
+ X (3)
here dS/dt is the consumption rate of Fe(II)EDTA-NO. Eqs. (1) and
3) could then be rewritten as follows:
X = max × X ×
(
1 − X
Xmax
)
× dt + ˇXdt (4)
dS = dX + ˇXdt (5)
ubstituting dX from Eq. (3) into Eq. (4) results in the following
xpression:
dS =  × max × X ×
(
1 − X
Xmax
)
× dt + ˇXdt (6)
ccording to the initial condition, when t = 0, X = X0 and S = S0. Inte-
rating Eqs. (4) and (6), the following expressions are obtained:
 = X0Xmaxe
maxt
Xmax − X0 + X0emaxt
(7)
 = ˇ × Xmax
max
× lnX − Xmax
X − Xmax +  × (X0 − X) + S0 (8)
Eq. (7) describes the relationship between cell growth and time,
nd Eq. (8) describes the relationship between cell growth and
e(II)EDTA-NO reduction. The values of the parameters used in the
bove mathematical model are listed in Table 2. The simulation data
or DL-1 growth and Fe(II)EDTA-NO reduction were compared with
he experimental data, as shown in Fig. 3. The simulation resultsFig. 3. Comparison of the experimental and modeled data for DL-1 growth (a) and
Fe(II)EDTA-NO reduction (b) under different initial concentrations of Fe(II)EDTA-NO
(t = 40 ◦C, 140 rpm, [Cell]0 = 0.10 g L−1).
show that the model predictions satisfactorily match the experi-
mental data, which suggests that the production of Fe(II)EDTA is
associated with cell growth. As shown in Table 2, the value of max
ﬂuctuated at different Fe(II)EDTA-NO concentrations. The value
of Xmax decreased as the initial concentration of Fe(II)EDTA-NO
increased due to the inhibitory effects of Fe(II)EDTA-NO on the cell
growth of the bacteria (Li et al., 2007). Because the values of  and
 were both non-zero, the formation of Fe(II)EDTA was partially
associated with the cell growth of the microorganisms. Li et al.
(2011) described the iron reduction bacterium FR-3 growth and
Fe(III) Cit reduction with a logistic equation, and the model pre-
dictions satisfactorily matched the experimental data. max also
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Fig. 4. Interaction of DL-1 and FD-3 on Fe(II)EDTA-NO and Fe(III)EDTA reduction.
(a)  Effect of strain DL-1 on Fe(III)EDTA reduction by FD-3. (b) Effect of strain FD-3
on Fe(II)EDTA-NO reduction by DL-1. (c) Comparison of Fe(II)EDTA-NO reductions
b ◦ −1
N
0
c

e
3
F
1
t
t
3
c
ny  DL-1 and FD-3 (t = 40 C, 140 rpm, [Fe(III)EDTA]0,a = 8 mmol  L , [Fe(II)EDTA-
O]0,b/c = 4 mmol  L−1, [FD-3 cell]0,a = 0.20 g L−1, [DL-1 cell]0,b = 0.10 g L−1. Control: (a)
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hanged with the initial concentration of Fe(III), and the values of
 and  were both non-zero. Similar results were obtained by Zhou
t al. (2013a,b).
.4. Interaction of DL-1 and FD-3
Fig. 4(a) and (b) shows the effect of the interaction of DL-1 and
D-3 on Fe(II)EDTA-NO and Fe(III)EDTA reduction. The effect of DL-
 on the Fe(III)EDTA reduction by FD-3 is shown in Fig. 4(a). With
he increasing of DL-1 concentration from 0 to 0.25 g L−1, the reduc-
ion efﬁciency of Fe(III)EDTA decreased from 55.5% to 46.5% after
 h. The Fe(III)EDTA reduction was inhibited after adding different
oncentrations of DL-1 to the solution, although the inhibition was
ot obvious in the ﬁrst 3 h. The reduction efﬁciency of Fe(III)EDTAonitoring & Management 4 (2015) 67–73 71
after 7 h was decreased from 89.3% to 74.7%, and the inhibition was
accelerated with the increasing DL-1 concentration and reaction
time. Strain DL-1 was  incapable of reducing Fe(III)EDTA under the
experimental conditions, as seen from the control experiment.
During the cultivation, DL-1 and FD-3 need to absorb nutri-
ments, e.g., the electron donors of the carbon and nitrogen sources,
to remain active, so they are competitors for the nutriments (Chen
et al., 2013 and Dong et al., 2013). At the beginning of the reaction,
the glucose was enough to supply nutriment for the mixed strains,
and the inhibition was not obvious. When more competitors (bac-
terial strains) were added or a long reaction took place, there was
no other component could produce glucose in this process, and
the competition between DL-1 and FD-3 was accelerated with the
limited nutriments in the culture medium. Therefore, DL-1 would
inhibit FD-3 to reduce Fe(III)EDTA.
Fig. 4(b) shows the effect of different concentrations of FD-3 on
the Fe(II)EDTA-NO reduction by DL-1. The reduction efﬁciency of
DL-1 alone (0 g L−1 FD-3) was 85.5% in 7 h. Instead of being inhib-
ited, the reduction of Fe(II)EDTA-NO was promoted in the presence
of FD-3. The reduction efﬁciency increased with increasing the FD-
3 concentration at the beginning of the reduction (3 h), but the rate
of increase declined with increasing the reduction time. The reduc-
tion efﬁciencies of Fe(II)EDTA-NO were almost the same after 7 h
with different concentrations of FD-3. It should be noted that the
reduction efﬁciency was  43.1% after 7 h in the control experiment
with the single FD-3 strain, which indicated that FD-3 also had a
capability of denitrifying, although with a clearly lower efﬁciency
than that of strain DL-1.
Because these two strains are both capable of denitrifying, the
reduction of Fe(II)EDTA-NO by DL-1 and FD-3 were compared at dif-
ferent initial concentrations, and the results are shown in Fig. 4(c).
The reduction efﬁciency of Fe(II)EDTA-NO by DL-1 was  clearly
higher than that of the same initial concentration of FD-3. The
reduction efﬁciencies of Fe(II)EDTA-NO increased from 67.1% to
95.7% when the concentrations of DL-1 increased from 0.04 to 0.20
g L−1. However, because of the limited concentration of Fe(II)EDTA-
NO, the Fe(II)EDTA-NO reduction efﬁciency slightly changed upon
further increasing the DL-1 concentration from 0.20 g L−1 to 0.40
g L−1. On the other hand, the reduction efﬁciency of Fe(II)EDTA-
NO increased as the initial FD-3 concentration increased from
0.04 to 0.10 g L−1. When FD-3 concentration was 0.10 g L−1, the
Fe(II)EDTA-NO reduction efﬁciency was the highest. FD-3 needs to
absorb glucose as carbon source to reduce Fe(II)EDTA-NO, while the
nutriment in the solution was  limited. As a consequence, the reduc-
tion of Fe(II)EDTA-NO was conﬁned when more FD-3 was added.
This could well explain the results that the reduction efﬁciency
of Fe(II)EDTA-NO was not signiﬁcantly increased when more FD-3
was mixed with DL-1, as shown in Fig. 4(b).
Because FD-3 is capable of reducing Fe(II)EDTA-NO, the
Fe(II)EDTA-NO reduction was a combined action when FD-3 and
DL-1 coexisted in the solution, which was  beneﬁcial for the
Fe(II)EDTA-NO reduction in the mixed system.
3.5. Interaction of Fe(III)EDTA and Fe(II)EDTA-NO reduction
In BioDeNOx process, Fe(III)EDTA and Fe(II)EDTA-NO will be
formed in the solution as a result of the presence of NO and O2 in
the ﬂue gas, and there may  exist some interaction between these
two complexes.
Fig. 5(a) shows the effect of different initial concentrations
of Fe(III)EDTA on the Fe(II)EDTA-NO reduction. As increasing
Fe(III)EDTA concentration, after 8 h, the ﬁnal concentration of
Fe(II)EDTA-NO changed little and the differences in the Fe(II)EDTA-
NO reduction rate were small. Fe(III)EDTA had no inﬂuence on the
Fe(II)EDTA-NO reduction. However, Zhang et al. (2007) found that
Fe(III)EDTA was an inhibitor of the Fe(II)EDTA-NO reduction, and
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1 )O reduction (a) and Fe(II)EDTA-NO on Fe(III)EDTA reduction (b) (t = 40 C,
40  rpm, [Fe(II)EDTA-NO]0,a = 4 mmol  L−1, [Fe(III)EDTA]0,b = 8 mmol  L−1, [DL-1
ell]0,a = 0.10 g L−1, [FD-3 cell]0,b = 0.20 g L−1).
he reduction efﬁciency of Fe(II)EDTA-NO decreased upon increas-
ng the Fe(III)EDTA concentration. The reason may  be that strain
N-2, which was used in Zhang’s research, could reduce not only
e(II)EDTA-NO but also Fe(III)EDTA, and these two complexes may
ompete as electron acceptors, thereby inhibiting the reduction of
e(II)EDTA-NO. On the other hand, strain DL-1is solely a denitrify-
ng bacterium and incapable of reducing Fe(III)EDTA, as shown in
ig. 4(a). Thus, the reduction of Fe(II)EDTA-NO was not inﬂuenced
y the presence of Fe(III)EDTA under the experimental conditions.
Fig. 5(b) illustrates the inﬂuence of different concentrations of
e(II)EDTA-NO on Fe(III)EDTA reduction. As increasing the con-
entration of Fe(II)EDTA-NO from 0 to 4 mmol L−1, the ﬁnal
oncentration of Fe(III)EDTA decreased from 0.86 to 6.71 mmol  L−1,
espectively. The reduction of Fe(III)EDTA was seriously inhibited
y Fe(II)EDTA-NO, and the inhibition increased with the increase in
he Fe(II)EDTA-NO concentration. Lisa and Daniel, 1988 indicated
hat the toxicity of NO was enhanced when combined with metal
ations such as Fe(II)EDTA-NO. As indicated in Fig. 4(b), Fe(II)EDTA-
O can be reduced by FD-3, so Fe(III)EDTA was not the only
lectronic acceptor for strain FD-3. Fe(II)EDTA-NO would compete
ith Fe(III)EDTA as an electron acceptor and inhibit Fe(III)EDTA
eduction. As a consequence, the inhibition of Fe(II)EDTA-NO
n Fe(III)EDTA reduction was a combined action of toxicity and
ompetition. The results of the interaction of Fe(II)EDTA-NO and
e(III)EDTA was also conﬁrmed in the research of Lin et al. (2014).
.6. Performance of the mixed strains in the BioDeNOx systemWith the purpose of conducting denitriﬁcation and iron reduc-
ion in the same solution, the mixed strains of DL-1 and FD-3 were
pplied, and the performance was investigated. Fig. 6 shows theFig. 6. Reduction of Fe(II)EDTA-NO (a), Fe(III)EDTA (b) and simultaneous reduc-
tion of Fe(II)EDTA-NO and Fe(III)EDTA (c) by mixed strains of DL-1 and FD-3
(t  = 40 ◦C, 140 rpm, [Fe(II)EDTA-NO]0 = 3 mmol L−1, [Fe(III)EDTA]0 = 8 mmol L−1, [DL-
1  cell]0 = 0.10 g L−1, [FD-3 cell]0 = 0.20 g L−1).
simultaneous reduction of Fe(II)EDTA-NO and Fe(III)EDTA by the
mixed strains.
With the combined action of these two  strains, Fe(II)EDTA-NO
and Fe(III)EDTA were both effectively reduced. In the ﬁrst 4 h,
the Fe(III)EDTA reduction efﬁciency was  low and the reduction
rate was  slow, while the depletion of Fe(II)EDTA-NO was rapid.
Then, the reduction rate of Fe(III)EDTA increased with the deple-
tion of Fe(II)EDTA-NO. The reduction efﬁciencies of Fe(III)EDTA and
Fe(II)EDTA-NO after 7 h were 77.1% and 84.9%, respectively. Com-
pared with the reduction efﬁciencies of Fe(III)EDTA (89.3%) and
Fe(II)EDTA-NO (85.5%) by a single strain in the experiments in sec-
tion 3.4, the mixed strains did not have as much of an effect on each
other. In addition, researchers have proposed that Fe(II)EDTA could
serve as an electron donor in Fe(II)EDTA-NO reduction, according
to Eq. (9) (Zhang et al., 2008).
2Fe(II)EDTA2- + 2Fe(II)EDTA − NO2− + 4H+ → 4Fe(III)EDTA− + N2
+ 2H2O (9)
With the depletion of Fe(II)EDTA-NO and Fe(III)EDTA, the
Fe(II)EDTA concentration increased, remitting the competition
between DL-1 and FD-3. At the same time, Fe(II)EDTA-NO was
depleted by DL-1 in the next 3 h and its concentration decreased, so
the inhibition of Fe(II)EDTA-NO on the Fe(III)EDTA reduction also
decreased and a high reduction efﬁciency was obtained. The reduc-
tion of Fe(II)EDTA-NO and Fe(III)EDTA by the mixed strains could
obtain a high efﬁciency, which is beneﬁcial to their application in
the BioDeNOx process.
4. Conclusions
The novel strain of Klebsiella sp. DL-1 isolated in this study
had a high capability of reducing Fe(II)EDTA-NO. The developed
model based on logistic equation suggests that the reduction of
Fe(II)EDTA-NO is associated with the growth of DL-1. The iron
reduction bacterium FD-3 promoted the reduction of Fe(II)EDTA-
NO by DL-1 because of its capability of depleting Fe(II)EDTA-NO.
DL-1 inhibited the reduction of Fe(III)EDTA by FD-3 due to nutri-
ment competition. However, the mixed strains of DL-1 and FD-3
could effectively reduce Fe(II)EDTA-NO and Fe(III)EDTA simultane-
ously in the BioDeNOx process.
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